We generalize models invoking a spin-2 particle as a mediator between the dark sector and the Standard Model. We show that a massive spin-2 messenger can efficiently play the role of a portal between the two sectors. The dark matter is then produced via a freeze-in mechanism during the reheating epoch. In a large part of the parameter space, production through the exchange of a massive spin-2 mediator dominates over processes involving a graviton with Planck suppressed couplings. We perform a systematic analysis of such models for different values of the spin-2 mass relative to the maximum and the final temperature attained at reheating.
INTRODUCTION
Although there is a large amount of indirect evidence for the presence of dark matter in the Universe from astrophysical observations, its precise nature remains elusive. Moreover, although there has been an impressive increased sensitivity in direct and indirect detection searches, no signal has been confirmed so far. Indeed, the recent results of direct detection experiments like LUX [1] , PANDAX-II [2] or XENON1T [3] constrain a large part of the WIMP parameter space, and are close to excluding the simplest extensions of the Standard Model (SM) such as the Higgs-portal model [4] [5] [6] [7] [8] [9] [10] , the Z-portal [11, 12] or even the Z'-portal [13] (see [14] for a recent review on the subject).
There are, however, many alternatives where the dark matter is secluded from SM particles by intermediate mass scale messengers. Indeed, intermediate scales are naturally present in many well-motivated extensions of the SM, including Grand Unified Theories, models with a see-saw mechanism, string constructions, inflation and reheating or leptogenesis. In all of these frameworks, the presence of an intermediate mass scale generates a heavy particle spectrum which can in principle mediate interactions between a possible dark sector and the SM. Some specific examples of these frameworks are Grand Unified SO(10) models [15] or high-scale supersymmetry [16, 17] , where dark matter candidates respecting the Planck/WMAP constraints [18, 19] are present. The effective superweak coupling generated by the exchange of an intermediate mass or even a superheavy mediator much heavier than the reheating temperature after inflation, T RH , allows for the production of dark matter directly from the thermal bath in the same way that gravitinos are produced during reheating by Planck suppressed operators [20] [21] [22] . Qualitatively similar results can be obtained with lighter mediators and small couplings as in the freeze-in mechanism (see [23] for a recent review on the subject).
Often it is sufficient to approximate the details of particle production during reheating with the instantaneous reheating approximation. Namely, that all particle production occurs at the end of the reheating process characterized by the reheating temperature T RH . However, depending on the specific production process, the instantaneous approximation may or may not be a good approximation. For example, if we parameterize the production cross section by
where M is some energy scale and T the temperature, this approximation has been shown to be reasonable for n < 6 [24] [25] [26] [27] . However, for n ≥ 6, the production rate is sensitive to the maximum temperature during the reheating process [27, 28] as we describe in more detail below. Thus the detailed mechanism for dark matter production during reheating will in general be sensitive to the form of the coupling of the dark sector to the SM. In the case of the gravitino, as noted above, from the strict observational point of view, dark matter only requires gravitational coupling. That is, communication between the two sectors (dark and SM) is mediated only through gravity, which couples to the energy-momentum tensor of the standard model and dark matter. Because this coupling is fixed by the equivalence principle, the only free parameter in this model is the mass of the dark matter. It has been shown in [29] that independent of the nature of dark matter, there exists a possibility to populate the relic abundance through a freeze-in mechanism via the exchange of a massless spin-2 graviton.
In this work we generalize this to the case in which the exchanged spin-2 particle is massive. We borrow concepts from the theory of massive gravity. The Lorentz invariant linear theory of a massive graviton was formulated by Fierz and Pauli in [30] , where it was shown that only one specific choice for the mass term is free from singularities. At the linear level, the massive graviton has 5 polarizations, as expected for a massive spin-2 particle. It was then shown that a generic nonlinear completion introduces a sixth state, that is a ghost [31] . Ref. [32] provided a nonlinear construction that is ghost free. 1 We are not interested here in the nonlinear self-interactions of the massive spin-2 field, so we will simply employ the Fierz and Pauli linear term, implicitly assuming a ghostfree nonlinear completion.
The coupling of the spin-2 mediator is expected to be universal, but it might couple more strongly to the SM (and the dark sector) than a Planck suppressed gravitational coupling. Thus we consider here, a massive spin-2 mediator coupling via the energy momentum tensor but with an intermediate mass scale, thus enhancing its couplings relative to gravity. We generalize spin-2 couplings to dark matter and study the production mechanism of dark matter through a massive spin-2 portal.
The paper is organized as follows. In the next section, we lay out the model which includes a massive spin-2 mediator which is coupled to both the dark matter sector and the SM. In section III, we discuss our computation of the relic dark matter abundance and our results are given in section IV where we consider separately the cases of heavy and light mediators and discuss the impact of dropping the instantaneous reheating approximation and our conclusions are given in section V.
II. THE MODEL
The model we consider is a relatively minimal extension of the SM which includes (in addition to the massless graviton h µν ) a dark matter candidate X, and a massive spin-2 mediatorh µν and is described by the Lagrangian
with L SM (L DM ) the standard model (dark matter) Lagrangian. L EH is the Einstein-Hilbert sector which contains the kinetic terms of the massless graviton obtained after expanding the metric around flat space, g µν η µν + h µν /M P . Lh is the ghost-free Fierz-Pauli 1 In fact, such a model was already formulated in [33, 34] , using the vielbein formalism. It was noted in these works that the ghost does not appear in the scalar sector of the theory. A conclusive proof that the ghost is absent in the full theory was later obtained in [35] , also using the vielbein formulation.
Lagrangian which contains the kinetic and mass terms for the massive spin-2 field. The final two terms, L i int are the interaction Lagrangians with the massless graviton h µν (i = 1) and the massive spin-2 mediatorh µν (i = 2) that can be written, from the equivalence principle: 
The amplitudes relevant for the computation of the processes SM 
with similar expressions in terms of the dark matter momenta, p 3 , p 4 . The total amplitude squared implied in the processes SM SM → DM DM will be a sum of the three contributions, weighted by the standard model content in fields:
Further details regarding these amplitudes are found in the Appendix.
III. THE RELIC ABUNDANCE
As noted in the introduction, reheating after inflation is often assumed to occur instantaneously, on a timescale given by the inflaton decay rate Γ φ . This results in a thermal bath of initial temperature (see [27, 28] for a detailed discussion)
where g RH is the number of effective degrees of freedom in the thermal bath of temperature T RH , and where c is an order one parameter that depends on when precisely reheating is assumed to take place (setting Γ −1 φ equal to the reheating time, Γ −1 φ = t RH , leads to c = 1; setting it instead equal to the Hubble rate, Γ φ = H (t RH ), leads to c = 2 3 ). Numerical solutions to particle yields during reheating agree with the instantaneous approximation if c ≈ 1.2 [28, 36, 37] .
In reality reheating is a finite-duration process. The inflaton decay products thermalize on a much shorter timescale than Γ −1 φ , so it is appropriate to assume the coexistence of a decaying inflaton, and of a thermal bath arising from the decay. In this context, the reheating temperature is conventionally defined as the temperature of the thermal bath when it starts to dominate over the inflaton. However, the thermal bath reaches its maximum temperature while still subdominant to the inflaton. One finds (see for instance Ref [28] )
where m φ is the inflaton mass. Perturbativity requires Γ φ < m φ , and it is typical to have Γ φ m φ . Therefore the maximum temperature of the thermal bath can be many orders of magnitude greater than T RH .
Particle production at temperatures T > T RH can be significant. There are two reasons, in fact, why assuming an instantaneous reheating can lead to a significant underestimation of the dark matter abundance. The first case, which has extensively been pointed out in the literature, occurs when the (thermally averaged) dark matter production cross section times velocity given in Eq. (1) has a strong temperature dependence. Such a relation applies for instance when the dark matter is produced from quanta in the thermal bath by the exchange of a heavy mediator of mass M T . If n < 6 in this relation, the dark matter abundance is mostly produced at the end of reheating, when T T RH . In contrast, the quanta produced at T T max dominate the final abundance if n > 6. For n = 6, particles produced at any temperature equally contribute to the final abundance. This results in a logarithmic ln Tmax TRH enhancement of the abundance with respect to the naive estimate based on instantaneous reheating. As shown in [27] , n = 6 is obtained in the case of gravitino dark matter in high scale supersymmetry models. As we show in the present work, this also applies to the cases in which the mediator is a heavy spin-2 particle. While we do not consider it here, the same strong temperature dependence is found if the mediator is a pseudo-scalar particle, and both the dark matter and the quanta in the thermal bath are spin-1 particles.
A second reason why the instantaneous reheating case can lead to a significant underestimation of the dark matter abundance, and which we explore in the present work, is if the mass M of the mediator is between T RH and T max . In this case, it is possible that the final dark matter abundance is due to the quanta produced on resonance, taking place at T M . The resonance is missed if one simply assumes that the thermal bath is instantaneously formed with T = T RH .
The numerical analysis in this work takes into account the total set of Boltzmann equations for the time evolution of a system whose energy density is in the form of unstable massive particles φ (the inflaton for instance), stable massive DM particles X, and radiation R (ie SM particles). For the exact computation, we assumed that φ decays into radiation with a rate Γ φ , and that the DM particles are created and annihilate into radiation with a thermal-averaged cross section times velocity σv . The corresponding energy and number densities satisfy the differential equations [24, 25] 
We assumed that each X has energy E X m 2 X + 9T 2 and the factor E X is the average energy released per X pair annihilation. The Hubble expansion parameter H is given by
Thermalization of the SM radiation produced by inflaton decays is rapid [28, [38] [39] [40] . As such, we can define a radiation temperature,
and T max corresponds to the maximum temperature attained during the reheating process. When the dark matter number density is far below its equilibrium abundance (and when inflaton decays do not directly produce X) the dark matter density n X is given by the approximate Boltzmann equation
where H (t) is the time dependent Hubble rate, and where n eq X is the number density that the dark-matter would have in thermal equilibrium. This relation assumes that the dark matter is produced through 2 → 2 processes from quanta in the thermal bath, and that the dark matter abundance is well below its thermal equilibrium value, which is the case in the models considered here.
This relation can be rewritten as
where
is the entropy density in the thermal bath with g s (T ) effective number of degrees of freedom. The production rate, R(T ) = (n eq X ) 2 σv for the 1 + 2 → 3 + 4 process is obtained from
where f 1 and f 2 are the distribution functions of the initial (SM) particles.
The two processes we consider contributing to the relic abundance are the exchange of the (massless) graviton h µν , with Planck mass suppressed couplings, and the exchange of the massive spin-2 mediatorh µν . Different results are obtained in the heavy mediator (mh > T RH ) and light mediator (mh < T RH ) cases which are discussed separately below.
IV. RESULTS
As noted above, all of the results in this paper are obtained via a numerical calculation using the complete set of the Boltzmann equations (11), and are not based on the instantaneous reheating approximation. However, it is useful to give approximate solutions in order to perform simple analytical estimates, as the difference between the instantaneous and the non-instantaneous reheating is often an overall multiplicative factor [27] . In the Appendix, we derive in detail the computation of the relic abundance. We obtained the following expression for the relic density in the instantaneous approximation: 
where we fixed g SM = g DM = 1, g s = 100 and Θ is the Heaviside step function. The first term in this expression is due to ordinary graviton exchange in the processes producing dark matter. We see that this contribution is completely negligible unless the dark matter is very heavy. The following terms are due to the exchange of a massive spin-2 state in three different mass regimes, namely mass greater, smaller but comparable, and much smaller than the reheating temperature. The numerical factors α, β 1 , β 2 and β 3 are normalized by their values for the case of a scalar dark matter candidate and would change by a factor of one order of magnitude if the dark matter is a fermion or a vector. The superscript of the coupling coefficients denotes the spin of the dark matter candidate and values of these coefficients are tabulated in a table given in the Appendix. Note that the parametric dependence in the above expressions for Ωh 2 can be seen directly from the rates with Ωh 2 ∼ R/nH ∼ RM P /T 5 . Overall, we can distinguish 4 regimes corresponding to 4 different process leading to the production of a sufficient abundance of dark matter.
• GeV/Λ)T RH , the dominant production mode is through the exchange of a massless graviton. For very large masses, the rate mediated by the spin-2 propagator is suppressed even relative to the Planck suppressed rate mediated by gravity. In this regime, the first term of Eq. (16) dominates. The production rate in such regime is very sensitive to the temperature of the thermal bath and is proportional to R(T ) ∝
We have collected all of the rates in the Appendix for the separate cases of scalar, fermionic, and vector dark matter.
• Heavy mediator regime (mh > T RH ): When the condition for the super-heavy mediator regime above is not satisfied, yet the mediator mass still exceeds the reheating temperature, the dominant mode is massive spin-2 mediator with rate given by the final term (proportional to β 3 ) in Eq. (16) . Despite the massive mediator, the coupling and hence the rate are enhanced over the gravitational rate by the fact that Λ < M P . The rate is in this case highly dependent on the temperature and is pro-
• Narrow Width Approximation (NWA) (mh T RH ): this regime dominates when the temperature of the thermal bath approaches the mediator mass mh. h µν is then produced on-shell in resonance, and if the width Γh is sufficiently small, this process will dominate. The width is calculated in the Appendix and scales as Γh ∼ m 3 h /Λ 2 . The rate is mildly dependent on the temperature and is proportional to
(see the Appendix for the details). For T ∼ mh we obtain the term proportional to β 2 in Eq. (16).
• Light mediator regime (mh T RH ): this regime is very similar to the well studied case of a light gravitino. Indeed, the behavior and couplings are exactly the same except the coupling, proportional to 1/Λ and not 1/M P , is much larger. This regime is the one for which the particle production is greatest and the rate is proportional to R(T ) ∝ The exact dependence on the temperature of each rate is detailed in the Appendix, and is fundamental in order to understand the behavior of the relic abundance as function of the reheating temperature. For an illustration, we show in Fig. (1) the production rate R(T ) as function of the dimensionless parameter x = mh/T for mh = 10
12 GeV and Λ = 10 16 GeV. We can clearly distinguish 3 main regimes (in addition, the superheavy mediator regime is seen as a slight bend in the curve at large mh/T ) in this figure. To guide the eye, we have plotted with dashed lines all four regimes as if they were valid at all values of x. The line labeled as graviton corresponds to the superheavy mediator with rate proportional to α. The solid black line corresponds to the full calculation valid for all values of x. When T mh, the rate is dominated by the light mediator limit, R(T ) decreasing with the temperature at a rate proportional to T 8 . Then, when the temperature approaches the mass of the mediator, the NWA regime dominates, giving a rate very mildly dependent on the temperature (R(T ) ∝ T mh K 1 ( mh T )). It is only when T drops below mh that the exponential behavior of the Bessel function dominates. At larger x, the rate then drops abruptly to enter in the heavy mediator regime, with a strong dependence on the temperature R(T ) ∝ T 12 . At still lower temperatures, eventually graviton exchange dominates and the rate again falls as R ∼ T 8 .
In the following subsections, we compute the relic abundance of the dark matter, integrating the production rate in each of these regimes. The integration was made numerically, using the set of equations (11), taking into account the effect of non-instantaneous reheating on the relic abundance. However, as it was shown in [27] , the difference induced by the exact non-instantaneous reheating treatment is a multiplicative factor, independent of the model, except when the resonance is important. The analytical expressions in Eq. (16) are based on the instantaneous reheating approximation and are used only as an aid to describe the results below. 
for
T max /T RH ∼ 100 and numerically f (6) ≈ 0.4. We plot in Fig. (2) the values of T RH and mh required to obtain a relic density of Ωh 2 0.1 for two choices of dark matter masses (1 GeV and 10
10 GeV) and 4 Λ = 10 16 GeV. It is important to underline that, to produce this figure, we took into account the enhancement of the production rate due to non-instantaneous reheating. Indeed, as it was shown in [27] , such a high power-law dependence on the reheating temperature implied that the majority of dark matter is produced at the beginning of the reheating process and the approximation of instant reheating is not valid anymore. However, this enhancement does not depend on the production process of dark matter but only on the ratio T max /T RH .
FIG. 2:
Values of T RH and mh giving rise to the observed scalar DM relic abundance for m X = 1 GeV and 10
10 GeV, g DM = g SM = 1 and Λ = 10 16 GeV. The dotted diagonal lines with mh = T RH and mh = T max = 100 T RH are shown for reference.
In the heavy mediator regime, we can verify the fact that the relic abundance is compatible with WMAP/Planck data when m X 10 10 GeV and Λ = 10 16 GeV, from the analytical expression (16) . Agreement between the curve and our analytical expression requires the boost factor of about 20. Thus for mh = 10 17 3 The Appendix also includes the exact formulae for fermionic and vectorial dark matter. However, these differ only by a factor of order one to ten. 4 When not specified, we will fix gDM = gSM = 1.
GeV, we find T RH 3 × 10 13 GeV. Note that for this value of m X , the solid curve cuts off at T RH = 10
10 GeV as we must require T RH > m X so that the production of the dark matter is kinematically allowed. At lower value of mh the analytical expression (16) would require a significantly larger boost factor as the effect of the pole can not be neglected and this effect is not accurately taken into account in the analytical expression. In fact, under close examination of the solid line in Fig. 2 , we see a change in slope at mh ≈ 10 16 GeV. At higher masses, the effect of the pole is safely neglected and the term propotional to β 3 in Eq. (16) describes the numerical result reasonably well.
At still higher mh, the curve flattens out, when the term proportional to α in Eq. (16) dominates, corresponding to graviton exchange. Indeed, Eq. (16) shows that when mh > 3000B 1/4 F T RH (for the parameters shown in the figure), graviton exchange dominates and the necessary reheat temperature is independent of mh and is T RH 10 14 GeV as seen in Fig. (2) . This is easily understood once one notices that, even if massless, graviton exchange is highly suppressed by Planck mass couplings to the standard-model and dark sector. Note that in the case of graviton exchange there is effectively no boost factor as the rate depends on T 8 rather than T 12 . A large reheating temperature is needed to compensate the weakness of the coupling. Then for all masses mh > 7 × 10 17 GeV, graviton exchange dominates.
For m X = 1 GeV (as seen by the dashed line), the heavy mediator is only important at extremely high values of mh as seen by the slight bend in the curve at the upper right of the figure. This bend corresponds to the point where the effect of the pole ceases to dominate as we previously saw for m X = 10 10 GeV and discussed above.
Light mediator regime
As we discussed above, if mh is lighter than the reheating temperature T RH , there is the possibility of resonant production of the mediatorh µν [41] . One can easily understand that once the temperature of the thermal bath T dropped to the value T mh/2, dark matter production will be enhanced by the rapid s-channel cross section on resonance. The important parameter in this case is the width ofh. Within the narrow width approximation, one can compute the rate and relic density (see the Appendix for details) which is given in Eq. (16) by the term proportional to β 2 . This expression is obviously independent of T RH because it corresponds to rapid dark matter production around T ∼ mh. This pole-phenomena is clearly visible in Fig. (2) , represented by the vertical line (for m X = 1 GeV) corresponding to the value mh 5 × 10 9 in good agreement with our analytical computation Eq. (16).
For lower values of mh, the pole process occurs at lower temperatures and the dark matter production rate is not sufficient to obtain the correct relic density. The dominant production mode becomes the exchange of the spin-2 mediator offshell. Its contribution is given in Eq. (16) by the term proportional to β 1 . In this case, the rate does not scale with the mediator mass and we expect a specific value of T RH necessary to obtain the correct relic density for a given dark matter mass. We obtain the right amount dark matter with mass, m X = 1 GeV for T RH 6 × 10 13 GeV, which corresponds to the plateau observed on the left hand side of Fig. (2) .
Non-instantaneous reheating
The effects of non-instantaneous reheating on the relic abundance is shown in Fig. (3) , where we plot the ratio of the relic abundance computed with the the exact numerical solution compared to instant-reheating approximation, Ωh 2 /Ωh 2 RH . There are several effects of non-instantaneous reheating, depending on the mass of the mediator mh relative to T RH and T max :
• If mh T RH , the dark matter production process is dominated by the exchange of the (light) spin-2 mediator,h. Since the cross section is proportional to T 2 (n = 2), the boost factor B F = Ωh 2 /Ωh 2 | RH is marginal (of the order of 1.5 in accordance with what was found in [27] ). This is seen by the horizontal part of the solid line at the smallest values of mh shown.
• At slightly higher mh, we notice that the boost factor is unity. This is a consequence of the weak influence of the temperature on the production rate. Indeed, at these values of mh, the rate R(T) is dominated by the pole-production and R(T ) ∝ T K 1 mh T as seen in Eq. (33) . If we ignore the pole, then the abundance is characterized by a rate which is proportional to T 8 (as it is for very large mh) and we obtain a boost factor of ≈ 1.5 as seen by the dotted line.
• If T RH < mh < T max , there is a huge enhancement of the cross section depicted in Fig. (3) due to the presence of the pole between T RH and T max . This boost factor B F can even reach a few ×10 3 for this value of T RH . For lower T RH , the boost factor can be much higher as it scales as Λ 2 /T 2 RH for a fixed ratio of mh/T RH .
• Although mh T max , there is a large boost factor associated with the pole, an effect we already saw in the discussion of Fig. 2 . At higher mh, the boost factor drops from its peak due to the pole, to the shoulder at around mh = 10 17 GeV, where the rate is proportional to T 12 (corresponding to n = 6 in the cross section due to the exchange of the offshell spin-2 mediator). Here, the boost factor is approximately 20 as discussed above. The dotted line ignores the effect of the pole and shows the smooth transition between rates which vary as T 8 to T 12 to T 8 .
• Finally, at the largest values of mh shown in the figure, the production rate is dominated by graviton exchange, and the rate again varies as T 8 . The pole can be safely ignored, and the boost factor is approximately 1.5 as was found for very low mh.
V. CONCLUSIONS
We have shown that dark matter can naturally be produced through a spin-2 portal. We generalized our study to any massive spin-2 state with stress-energy tensor couplings to the standard model and the dark sector. In a large part of the parameter space, the massive spin-2 portal dominates over the (Planck-suppressed) graviton exchange. We have performed an exhaustive analysis, considering cases where the spin-2 field is both heavier and lighter than the reheating temperature. In both cases, the freeze-in process dominates the production, while enhanced during the reheating phase (heavy mediator case) or through its resonant production (light mediator case). We have also shown that our results are greatly influenced by taking into account the effects of non-instantaneous reheating. Not only do we recover boost factors in the production due to the large dependence on the temperature of the rate R(T ), but we have also shown that the presence of a mediator between T RH and T max strongly enhances the relic abundance due to rapid s-channel production when T mh. 
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The propagator of the massive state can be written as [42] [43] [44] 
and the sum over spin polarization states is given by
with
The decay modes of the spin-2 state are
and
The total decay width of the massive spin-2 to SM state is given by :
AMPLITUDES AND RATES
Scalar dark matter
The amplitudes for scalar dark matter with a massless graviton mediator (normal gravity) are:
The corresponding amplitudes assuming a massive spin-2 propagator are:
From these amplitudes, we can derive the rate when gravity dominates
In the case of the massive spin state, we distinguish three regimes, depending roughly on the relative value of mh with respect to T RH . 
